Abstract. 2014 The phospholipid bilayer is the basic structure of biological membranes as well as a suitable model of a two-dimensional system. Defects within these bilayers are studied electron microscopically by application of the freeze fracture method Topological and non-topological defects can be distinguished The first type is analysed in terms of the homotopy theory. Two defect systems, an Abelian and a non-Abelian, are found which are a consequence of a symmetry breaking. The effect of small amounts of impurities on the defect structure is studied An outline of the possible biological relevance of defects is given in the last part.
J. Physique 44 (1983) [I] .
The most often observed structure at high water content is the bilayer which is the basic building unit of biological membranes. From a physical point of view the lipid bilayer exhibits typical properties of two-dimensional systems.
The present work deals with a freeze fracture electron microscopy study of the defect structure of isolated phospholipid bilayprs at very high water content (&#x3E; 99 wt % of water). Under (Fig. 1 a) . The P,, phase exhibits the characteristic ripple superstructure (cf. Fig. 1 c) Fig. 11 ).
The PB,-phase exhibits two superstructures [5] Fig. 2 ). The A/2-phase has an asymmetric (sawtooth-like) profile with an asymmetry of 0.59 while the A-phase is characterized by a symmetric profile with a groove at the maxima (cf. Fig. 2b ). As shown in figure 2 the two superstructures may coexist in one vesicle. The surface profiles suggest that the A-phase is generated from the A/2-phase by rotating every second ripple by 1800. The symmetries of the two phases have fundamental consequences for the occurring defects. Note that the tilt of the hydrocarbon chains must change sign if one crosses the grooves of the ripples. However, the resulting tilt of the chains with respect to the average plane of the membrane vanishes [5] . a) Vesicle with coexisting A-and A/2-phases. The disclinations ± 1/2 are topologically allowed in the A-phase, whereas they lead to line defects in the A/2-phase, b) Coexisting A-and A/2-phases. A surface profile is reconstructed following a method described in [22] . One can clearly distinguish the asymmetric profile of the A/2-phase and the symmetric profile of the A-phase with groves at the top.
4. Topologic defects of the P., phase. Recently homotopy theory was introduced into the analysis of defects by Toulouse and Kleman [3] and Mermin [6] . The The defects may combine. In consequence of the semidirect product in equation 2 the combination law is given by for z, x E Z and q, p E ZH. Rq stands for a rotation of 2 nq. As q corresponds to half integral values this means simply a change of sign for x (see Fig. 6 ).
As most defect groups, the group n1 (V A) is not Abelian. The A-phase is a physical realization of the example presented by Poenaru and Toulouse in their figure 9 [9] . ' A consequence of the non-Abelian character of the defect group is that the sum of defects depends on their mutual arrangement. Therefore Figure 6 shows schematically examples which can be observed in figure 5 . Simultaneously the reduction of such patterns into simple disclinations is illustrated in figure 6 . 
HOMOTOPY THEORY OF TOPOLOGICAL DEFECTS OF
A/2-PHASE AND EXPERIMENTAL OBSERVATIONS. -The A/2-phase has an asymmetric profile. Therefore only rotations about 2 7rZ (z E Z) are allowed. As these rotations commute with the discrete translations perpendicular to the ripples and the continuous ones along the ripples, the semidirect product reduces to a direct product and the symmetry group is simply
The group of point defects becomes and the group of line defects In analogy to the A-phase no stable line defects exist. The point defects are represented by pairs of integers (z, q) where z stands for dislocations and q for disinclinations of integer strength q. As these are elements of a direct product of the Abelian group Z with itself, the group of point defects 1t1 (V A12) is commutative. Therefore one has a one-to-one correspondence of defects and these pairs [6] . (Figs. 7 and 8) . Apparently, the finite line defects with their rather large core are associated with a lower elastic energy than the integer disclinations with a point-like core. Very often the A/2-phase exhibits defect-free regions which are separated by grain boundaries. An example is shown in figure 9 . Fig. 9 (Fig. 10a) . They may form closed systems like a disclination + 1 (Fig. 11 b) or spirals ( Fig. I I a) which are a combination of a dislocation 1 and a discli- Fig.14a ). Due to the spontaneous lipid orientation the disturbance is expected to extend over long distances. The splay elastic energy associated with this orientational defect may be relaxed by escape of the bilayer into the third dimension (cf. Fig. 14a ). This escape is strongly favoured by the quasi two-dimensionality of the bilayer. While the defect induced by the conical protein is localized in the case of the La-phase it may become topologic if the fluid bilayer exhibits an intrinsic tilt (cf. Fig. 14b [23] The Ca+ + leads to a strong contraction of the lipid head groups bound to the ions. As a consequence of this contraction a tilt is locally induced in the bilayer region composed of non-bound lipid. Again an escape in the third dimension is observed (cf. ref. 10 and Fig. 14) . However, the P,,-phase may be suppressed in very small vesicles of some 100 A diameter produced by sonication. This is expected since the strong curvature does not allow the formation of the ripple structure. Moreover it has been shown theoretically that a superstructure may be caused in isolated bilayers, either by a ferroelectric order [ 11 ] or by spontaneous curvature of the monolayers [12] .
An interesting point is the physical background of the symmetry breaking in the A -A/2 transition. The two phases may coexist in one vesicle. It appears that the A phase prevails in vesicles of high curvature while the A/2 phase dominates in only slightly curved lamellae. This may be explained by the fact that the + 1/2 and -1/2 defects of the A-phase are independent of each other. They can arrange themselves more easily in the case of high curvature than the quasi half disclinations of the A/2-phase which are strongly coupled by defect lines. The latter lead to polygonal vesicles which can be stabilized by impurities (Fig. 12c) .
The closing up of the vesicles caused by a reduction of the hydrophobic force at the water-hydrocarbon interface can be considered as a possible external force. The transition from a planar to a curved bilayer corresponds to a reduction of the external symmetry which may be compensated by an increase of the intrinsic symmetry by the A/2 -&#x3E; A transition.
Another cause of symmetry breaking is the introduction of impurities. The According to figure 14a, the incorporation of an amphiphatic protein molecule with a non-cylindrical shape of its hydrophobic part will enforce a tilt of the lipid hydrocarbon chains. As indicated in figure 15a the elastic energy associated with the tilt-deformation may be relaxed by the accumulation of small hydrophobic solute molecules in the environment of the protein. Orientational defects could thus well act as strongly attracting traps for substrate molecules and could thus be involved in the acceleration of enzymatic membrane processes. The elastic strain may also lead to lipid mediated long-range forces between membrane-bound proteins [13] . Another relaxation mechanism is an escape into the third dimension. As postulated in a previous work [ 14] [16] .
Boundaries at the interface of fluid and rigid domains represent another class of defects with possible biological relevance. The density fluctuations arising at these defects may lead to a drastic increase in passive ion permeability [17, 18] as well as in the activity of enzymes. Examples for the latter are the increase in the rate of lipid-decomposition by phospholipases [19] and the exchange of lipids between membranes by exchange proteins [20] .
Examples of localized defects related to curvature are given in figure 16 . by the elastic energy contained in the orientational defect at the sharp edges of the pores [21] . The edge energy can again be greately reduced by the incorporation of lipids with large head groups, that is, large H/C-ratios.
Hitherto, defects could only be studied in model membranes while one is still far from understanding the highly complex microstructure of biological membranes which are composed of some hundred different lipids and proteins. However, biological membranes often exhibit sharp protrusions which are expected to contain a high density of orientational defects. Moreover many membrane-bound proteins penetrate the lipid bilayer only partially as indicated in figure 1 Sa. This is expected to lead to orientational defects in the lipid bilayer moiety surrounding the protein.
Finally there is evidence that membranes contain domains of rigidified lipid/protein aggregates. There should be grain boundaries at the interface of these domains and the fluid membrane regions. The investigation of the possible role of defects in biological membrane processes is an intriguing and important task of future membrane research.
